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Functional significance of cytochrome c oxidase structure
The long-awaited structure of the integral membrane respiratory complex
cytochrome c oxidase will now allow more precisely targeted studies
designed to understand the mechanism of redox-linked proton pumping.
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Aerobic life is dependent on the ultimate recycling
mechanism in which oxidation of water to dioxygen
(02) by the oxygen-evolving complex (OEC) of the
light-driven photosynthetic electron transport chain is
followed by re-reduction of 02 to water by the terminal
oxidases of aerobic respiratory chains. In this recycling,
02, essentially a waste product of photosynthesis, per-
forms the function of 'mopping up' spent (low-energy,
high-potential) electrons that have been used for energy
conservation during respiratory electron transport. The
kinetic inertness of 02 requires that 02 formation and
degradation is catalyzed, and this catalysis is carried out
by metal active sites in the OEC and respiratory oxidases,
respectively. The most common respiratory oxidase is
cytochrome c oxidase which, along with the OEC, are
the subjects of intense scrutiny as attempts are made to
uncover structure/function relationships. A significant
roadblock to this work, the lack of detailed structural
information, has recently been removed by reports of the
crystal structures of a prokaryotic and a eukaryotic
(mammalian) cytochrome c oxidase [1,2].
Cytochrome c oxidases generally occur as multisubunit
(multipolypeptide) complexes, the largest subunits (su I,
II and III) being relatively conserved throughout evolu-
tion. Phylogenetic comparisons of the known archaeal
enzymes with their bacterial homologs suggest that this
enzyme existed in the common ancestor, predating the
evolution of oxygenic photosynthesis [3] and implying
that an alternative electron acceptor existed before the
occurrence of atmospheric 02. Conserved sequences of
the major subunit (su I) define a superfamily of oxidases,
known as the cytochrome c oxidase superfamily, which
includes eukaryotic and prokaryotic cytochrome c oxi-
dases, as well as many of the prokaryotic quinol oxidases
[4]. All members of this superfamily are redox-driven
proton pumps that generate a cross-membrane proton
gradient that is subsequently used by ATPases to catalyze
ATP synthesis. Thus, su I (and su II and III, if they are
present) are transmembrane proteins that reside in the
prokaryotic plasma membrane (which separates the cyto-
plasmic and periplasmic spaces) or in the eukaryotic
mitochondrial inner membrane (which separates the
matrix and intermembrane spaces). Also, in agreement
with the endosymbiotic origin of the mitochondrion, the
three major (core) subunits (su I, II and III) of eukaryotic
cytochrome c oxidases are encoded by mitochondrial
genes. Other smaller subunits are synthesized in the
nucleus and imported into the mitochondrion.
Four redox-active metal sites accomplish the electron-
transfer functions of cytochrome c oxidases: hemes a
(sometimes b in other members of the superfamily) and
a3 (sometimes o), CuA (which is absent in the quinol
oxidases), and CuB. In all members of the superfamily,
02 is activated at a dinuclear site consisting of heme a3
and CUB which, along with heme a, are contained in su
I. In quinol oxidases, electrons are taken up directly
from a quinol into heme a, which then passes them on
to this dinuclear site. Apparently, CuA (which resides in
su II) is required for oxidation of cytochrome c, as for
this substrate electrons first reduce CuA, then heme a,
before being passed to the dinuclear site. Four 'chemical'
(scalar) protons are required for 02 reduction (to
2H 2 0), but in addition some of the accumulated redox
energy is used to pump four more protons vectorially
from the matrix (cytoplasm) to the intermembrane
(periplasmic) space. These remarkable enzymes thus
function in electron transport, oxygen activation, and
(electron-transport coupled) ion transport. Figure 1
shows a schematic illustration of these multiple functions
mapped onto a low-resolution model of the core sub-
units of a member of the cytochrome c oxidase super-
family, ytochrome aa3 . Individual members of the
cytochrome c oxidase superfamily are often named based
on the hemes contained in su I. Cytochrome aa3 con-
tains heme a as an electron reservoir and heme a3 at the
02 interaction site.
Recently, structural information on cytochrome aa3
enzymes from two different species has helped in clarify-
ing our understanding of this complex enzyme [1,2].
The four-subunit cytochrome aa3 from Paracoccus denitrf-
icans has been crystallized by Michel and coworkers
using a conformation-specific antibody fragment as a
crystallization aid [1], and the 13-subunit beef-heart
cytochrome aa3 has been crystallographically character-
ized by Yoshikawa and coworkers [2]. In this review, we
compare the structural results with previous predictions
which were made on the basis of less direct physical and
molecular biological techniques, and discuss the struc-
tures in relationship to the various biological roles of
the enzyme. These structures represent an exciting
milestone in the study of cytochrome c oxidase and will
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Subunit structures
Sequence comparisons and hydropathy analyses success-
fully predicted the number (seven in su III, two in su II,
and twelve in su I), and to a large degree the length, of
the transmembrane (tm) helices in the core subunits of
cytochrome c oxidase (tin VII of su I, the seventh trans-
membrane helix in the sequence of su I, is found to be
somewhat shifted [2]) [3,4]. Models constructed for the
transmembrane arrangement of these helices in su I were
useful in designing and understanding the site-directed
mutagenesis work that has been carried out so far on this
subunit [4,8]. Hydropathy and sequence analysis also
successfully predicted the existence of the C-terminal
globular domain of su II that is not membrane bound
and that contains the CuA site.
Fig. 1. Schematic illustration of the core subunits (su I, II and III)
of the cytochrome c oxidase complex. The shapes and arrange-
ments of the subunits in the membrane (cyan) and the position-
ing and orientation of the metal sites (CUA, CUB and hemes a and
a3) shown are based on the Paracoccus denitrificans enzyme
crystallographic analysis [1]. IN refers to the matrix space
(eukaryotes) or the cytoplasm (prokaryotes), whereas OUT refers
to the intermembrane or periplasmic space, respectively. The
electron-transfer sequence (black arrows), the scalar chemical
proton uptake accompanying dioxygen reduction (both red
arrows), and the vectorial proton-pumping function of the
enzyme (green arrow) are highlighted. The blue spheres repre-
sent copper atoms and the magenta spheres represent iron atoms.
certainly lead to improved targeting of experiments
and a renaissance in the study of structure/function
relationships in this enzyme.
How well was the structure predicted?
Overall structure
Some controversy still exists as to whether the functional
form of eukaryotic cytochrome c oxidase is a dimer or
monomer [5]. Although oxidases exist that are predomi-
nantly monomeric when solubilized, they may still
behave in vivo as functional dimers. The beef-heart
enzyme crystallized as a dimer of 13-subunit monomers
[2], whereas the P denitrificans enzyme crystallized as a
monomer (although this may be the result of inclusion of
the antibody fragment) [1]. Earlier electron microscopy
and two-dimensional diffraction studies of ordered mem-
brane preparations of the beef-heart enzyme resulted in
the development of a 'tooth' model in which two dis-
tinct protein domains projected out of the matrix (cyto-
plasmic) side of the membrane [6]. This type of structure
is less consistent with the most recent electron
microscopy study [5], and is not evident at all in either of
the crystallographic models [1,2], giving rise to the
proposal of a new 'potato' model of the transmembrane
protein structure [7].
Active-site locations and structures
Members of the cytochrome c oxidase superfamily that
only possess su I and su II (e.g. cytochrome c oxidases
from Thermus thermophilus, Sulfolobus acidocaldarius, and a
preparation of P? denitrficans cytochrome c oxidase that
had lost su III and IV) are fully functional in redox-linked
proton pumping [5], implying that all the functionally
important metals must reside in su I and su II. Also, the
discovery of a conserved Cu-binding motif in the C-ter-
minal domain of su II, that has homology to azurin (a
blue copper protein) but, is absent from the su II of
quinol oxidases, had placed CuA in this domain. Con-
served metal-binding residues and recent site-directed
mutagenesis work, identifying ligands for the individual
metal active sites in su I [4,8], suggested that the other
three sites resided in this subunit. All of the predicted
metal locations and ligands in su I have proved to be
correct and much of the recent work that identified CUA
as a dinuclear site [9,10] has also been confirmed.
Zinc is a known metal constituent of the eukaryotic
cytochrome c oxidases but it is not found in prokaryotic
enzymes; it is found coordinated to four cysteine residues
in the nuclear-encoded su Vb of the beef-heart enzyme,
on the matrix side of the membrane [2]. Previous
extended X-ray absorption fine structure (EXAFS) stud-
ies had suggested this was a Zn(N,O)iS 3 site [11,12], a
coordination environment that is difficult to distinguish
by EXAFS from ZnS4.
'Contamination' of the P denitrficans electron para-
magnetic resonance (EPR) spectrum with a Mn(II) signal
triggered mutagenesis experiments that identified a puta-
tive Mn(II)/Mg(II)-binding site in the loop between tm
helices IX and X of su I [13]. Mg(II) is a known stoi-
chiometric component of the eukaryotic enzyme and the
positioning of the Mg is confirmed in the structure of
the beef-heart enzyme [2]. Electron density that could be
either Mg(II) or solvent was identified in the same region
of the P? denitrificans structure [1].
For all known members of the cytochrome c oxidase
superfamily, CuA resides in su II and is EPR-active. It
was assumed for a long time to be mononuclear, with
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cysteine and histidine coordination as determined by
electron-nuclear double resonance (ENDOR) of the
enzyme when selectively labeled with isotopes at one of
these amino-acid residues [14]. Several years ago, how-
ever, EPR studies performed at multiple frequencies
began to suggest that it was in fact a dinuclear (one-
electron redox) site [9]. This provided a rational explana-
tion of the 3:2 Cu:Fe stoichiometry [15] that was quite
controversial at the time. Most recently, EXAFS studies
of a soluble su II fragment, containing a CuA site, identi-
fied a 2.5 A Cu-Cu distance that was interpreted as a
metal-metal bond [10]. The once controversial notion of
a dinuclear CuA has been proven correct; both the P? den-
itrficans and beef-heart structures exhibit two copper
atoms, separated by approximately 2.6-2.7 A, bridged by
two cysteine sulfurs, and with each copper atom having a
histidine terminal ligand. A long Cu-ligand bond to a
methionine sulfur, for one Cu, and for the other Cu a
bond to the oxygen of a main-chain carbonyl, complete
the distorted tetrahedral environment for these copper
atoms. With the exception of the peptide carbonyl, these
ligands represent the five conserved residues identified as
the CuA-binding motif in sequence comparisons and
mutagenesis experiments [16]. Figure 2 shows a
schematic model of this unique dinuclear site.
The bulk of the mutagenesis work carried out so far has
been on su I. This work, and the results of the spectro-
scopic analyses determining which residues bind to
which of the other three metal sites [4,8], have been
completely confirmed by the structural studies [1,2].
Fig. 2. The approximate core structure of the CuA site of the
cytochrome c oxidases from Paracoccus denitrificans and beef
heart. Only the copper atoms (violet) and the atoms ligated
directly to them are shown. The ligand atoms - S (yellow), N(cyan) and O (brown) - are identified for both the P. denitrifi-
cans enzyme (black labels) and the beef-heart enzyme (red
labels). The average Cu-S(Cys) bond length is 2.3 A and the aver-
age Cu-N(His) bond length is 2.1-2.2 A. (Figure generated using
Ball & Stick 3.5.1, Cherwell Scientific Publishing, Inc.)
Heme a has been assumed for years to have bis-imidazole
ligation and in fact it is coordinated to histidines from tm
II of su I (His94 in I? denitrficans and His61 in beef heart)
and from tm X of su I (His413 in P denitrficans and
His378 in beef heart), as predicted by mutagenesis. Early
EPR studies on NO bound to ferrous heme a3 con-
firmed histidine imidazole as the fifth ligand of this heme
[17] and, as predicted from mutagenesis, the heme a3
histidine ligand is two residues upstream from the heme a
histidine ligand on tm X of su I. Only histidine residues
from tm VI, su I (P? denitrficans His276 and beef heart
His240) and from the loop between tm VII and VIII, su I
(P denitrificans His325 and His326 and beef heart His290
and His291) coordinate CuB. Cu EXAFS had been inter-
preted, for CUB, in terms of either a bridging cysteine
[18] or a (S, Cl)-containing ligand that binds to CuB [19],
or bridges CuB and Fea3 [20]. Also, EXAFS-derived
Cu-Fe distances [18] are shorter than the distances
observed crystallographically of 5.2 A (P denitrificans) and
4.5 A (beef heart). (Note that the P denitrificans structure
is apparently of the enzyme in the presence of azide.)
The current structures actually give little information
about possible bridging ligands (although bridging by
cysteine, methionine, or chloride is unlikely); no electron
density is observed between the Fe and Cu in the beef-
heart enzyme structure, and only electron density that
may be interpreted as azide or solvent is seen in the P
denitrficans enzyme structure. Given the conformational
heterogeneity observed in cytochrome c oxidase [21], one
might expect that different bridging ligands would be
observed in different conformational states. The strong
antiferromagnetic coupling between Fea3 and Cu B in the
resting oxidized enzyme makes it unlikely that these
metals are unbridged.
Functional significance of the structure
Given the involvement of cytochrome c oxidase in both
redox reactions and energy conservation, there will
certainly be a renewed emphasis on functional studies,
using the new structures to help provide the molecular
framework for understanding electron and proton trans-
fer pathways and mechanisms. As very little information
is available about the function of su III and su IV of the
P denitrificans enzyme or about the eleven smallest sub-
units of the beef-heart enzyme, we will focus in this brief
discussion on the fully functional two-subunit (su I-su II)
core that contains the redox-active metals. The structure
of the beef heart enzyme shows that the larger subunits
(su I, II and III) also form the 'physical core' of the
enzyme, with the nuclear-encoded subunits forming a
sheath around this core [2].
Electron-transfer pathway
The correct identification of the site of initial reduction
by ferrous cytochrome c has been controversial, with
both heme a and CuA being suggested by different
studies [22]. This confusion is apparently due to the
rapid equilibration of electrons between these two sites.
Recent kinetics measurements, however, seem to favor
CuA as the initial electron acceptor [22] and this fits
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with the observation that in some members of the
superfamily (such as the T thermophilus cytochrome caa3)
a gene fusion has occurred between su II and
cytochrome c [23].
The cytochrome c oxidase structures seem to support
CUA as the initial electron acceptor. The metal sites of
su I (including heme a) are found within the trans-
membrane region. Su I displays an unexpected approxi-
mate threefold symmetry around the membrane normal
and the tm helices are arranged to form three 'pores', the
one nearest to heme a being filled with the hydroxyethyl-
farnesyl side chain of the heme. Thus, heme a seems rel-
atively inaccessible to the water-soluble cytochrome c (in
the mammalian system) or to the membrane-anchored
cytochrome c552 of P1 denitrficans (cytochrome c552 has
the heme c in a hydrophilic globular domain). By con-
trast, CuA resides in the globular periplasmic (intermem-
brane) su II domain and is shielded from solvent only by
(using P denitrficans numbering) Trpl21 (which is in
contact with the CuA ligand Met227) and Asp178
(which is in contact with the CuA ligand Hisl81). Very
close to this surface region is a putative cytochrome c
docking site containing ten acidic residues (for inter-
action with cytochrome c lysines) and involving parts of
subunits I, II, and III [1].
In a model with CuA as initial electron acceptor, CUA
would transfer the electron to heme a. The P? denitrifi-
cans structure shows that the distal nitrogen of the CuA
ligand His224 is within hydrogen-bonding distance of
the carbonyl oxygen of the su I residue Arg473, which
is in the loop between tm XI and tm XII. Several
residues of this loop are in contact with the heme a pro-
pionate groups; CuA is closer to heme a than to heme
a3. On the other hand, examination of the beef-heart
structure reveals that the Mg(II) site lies directly
between CuA and heme a3. Furthermore, the su II glu-
tamate residue that ligates CuA through its carbonyl
oxygen is coordinated to this Mg(II) through its car-
boxylate side chain [2]. All other Mg(II) ligands are
from su I. Thus, both the CuA and Mg(II) sites are
involved intimately in the su II-su I interface.
Heme a, as it is close to heme a3, would then transfer
electrons to the dinuclear a3 -CuB site. Both hemes are
perpendicular to the membrane with interplanar angles
of 104-108°; the shortest distance between atoms of
a and a3 is 4.7 A. Thus, a direct electron transfer might
be possible, although a covalent pathway involving all
main chain atoms through the single residue (position
412 of I denitrificans, 377 of beef heart, on tm X of su I)
between the histidine ligands to both hemes, is available.
Another possible pathway was pointed out in the
description of the beef-heart structure, involving the side
chain of the intervening residue, Phe377 (Phe412 in
I? denitrficans), which stacks between the porphyrin of
heme a3 and the His378 (His413) heme a ligand [2]. The
terminal electron acceptor, 02, is expected to bind
between Fea3 and CuB.
Proton-transfer pathway
Two different types of proton must be consumed from
the cytoplasmic (matrix) space during cytochrome c oxi-
dase catalysis: scalar chemical protons must be available to
the dinuclear 02 -activation site to protonate the O atoms
from 02 in order to form H20; and vectorial protons
must be pumped across the membrane to generate the
proton gradient that subsequently drives ATP formation
through ATPase activity. Proton transfer can occur by
minor redox-linked conformational changes that
exchange hydrogen-bond donors and acceptors along a
network. Iwata et al. [1] propose that such a network
exists for the chemical protons in a pore that provides
cytoplasmic access to heme a3, this network comprising
residues Ser291, Lys354, Thr351, and Tyr280 (the last is
within hydrogen-bonding distance of the CuB ligand
His276 and is proposed to donate the proton to 02). As
the Asp l24--Asn, (Aspl32--Asn in Rhodobacter
sphaeroides [24] and Aspl35-Asn in Escherichia coli bo 3
quinol oxidase [25] results in loss of proton pumping but
not 02 reduction, they propose a separate pathway for
pumping protons, including Asp124, Thr203 and
Asnl99 at the cytoplasmic entrance. The proposed
proton-pumping pathway then includes conserved
residues Asnll3, Asnl31, Tyr35, Ser193, and a cavity
with solvent molecules leading to Glu278, and eventually
(although it gets murky beyond Glu278) to His325,
which is perhaps the most interesting residue in the
entire structure, as its side chain is not visible in the elec-
tron-density map [1]. In the beef-heart structure, the
homologous His290 is observed as a CUB ligand [2]. The
absence of side-chain electron density in the P denitr~fi-
cans structure implies either disorder or multiple confor-
mations and these authors propose a ligand
exchange/protonation mechanism for triggering the
conformational change responsible for proton pumping,
much like the histidine cycle/shuttle mechanism envis-
aged by Wikstr6m [26]. The exit pathway for pumped
protons is proposed to be in an acidic region near the
Mn(II)/Mg(II) binding site. A detailed version of this
proposal that maps the Wikstr6m mechanism onto the P.
denitrficans enzyme structure is presented in Figure 3.
Where do we go from here?
The attainment of the long-awaited protein structure
represents more of a beginning than an end. The su I
mutagenesis work has been very successful in identifying
metal ligands and residues that are important in proton
translocation, but now with a molecular structural frame-
work, mutagenesis targeting can be designed to ask more
detailed questions. The residues identified as possible
relay points on the proposed proton pathways in the
P denitrificans structure should receive some attention; of
particular interest is a proline residue (ProlO5 on tm II of
su I) that may cause a break in the helix, allowing proton
access [1]. Other targets for mutagenesis are the residues
that form the hydrogen-bonding connections between
active sites (e.g. between CuA and heme a across the
su II-su I interface) or the acidic residues in the proposed
cytochrome c binding surface.
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Fig. 3. Elaboration of the Wikstrom histidine-cycle mechanism for proton pumping by cytochrome c oxidase [26] using structural data
and ideas from the crystallographic study by Michel and coworkers on the P. denitrificans enzyme [1]. The heme a3-CuB environment
is shown in cartoon form for each step of the mechanism, which uses a ligand-exchange conformational switch between imidazolate
and imidazolium forms of His325 as a two-proton shuttle acting between the pump entrance (lower green arrow) and the pump exit
(upper green arrow). Uptake of scalar chemical protons for protonation of 02 during reduction is represented by the red arrow in the
lower left of each step. Solid-colored arrows represent active proton-transfer pathways. Briefly, the loading of two protons onto the imi-
dazolate form of H325 (His325), through the pump entrance (steps 10, 1), results in dissociation of the imidazolium form of His325
from Cu and a proposed conformational change (step 2; it is an equilibrium between these two conformations that is proposed to be
responsible for the absence of assignable electron density for the His325 side chain [1 ]). Then, uptake of two chemical protons through
a separate entrance, resulting in 0-0 bond cleavage (steps 2, 3, 4), promotes release of two protons through the pump exit (step 4) and
rebinding of the imidazolate form of His325 to CUB (step 5). His325 then goes through a second cycle of protonation, dissociation, con-
formational change, deprotonation, religation (a second 'pump stroke', steps 6-10) as two more chemical protons are used during
reduction of the ferryl species (steps 7, 8). The cycle is restarted after one-electron reduction to the fully reduced form, 02 binding, and
addition of one more electron to generate the peroxy intermediate with CUB reduced (steps 11, 1).
For an enzyme as complex as cytochrome c oxidase, the
structure of a single derivative will not be enough to
help answer all the current questions. For example, the
structural differences between 'fast' and 'slow' confor-
mations of the enzyme [21] might be accessible to inves-
tigation by using crystallizations at different pHs. This
might also help localize the His325 side chain in the ?
denitrificans enzyme structure by shifting a protonation
equilibrium involving this residue. (Could this residue
be the determinant of the fast or slow conformation?)
Another somewhat disturbing feature of the current
structures is the lack of any clearly identifiable bridging
ligand between Fea 3 and CuB. Structures of the enzyme
with exogenous ligands (e.g. cyanide, carbon monoxide,
halide) might help solve some of the remaining myster-
ies, including the likely positioning of substrate 02.
Structures of the fully reduced and mixed-valence
enzyme forms would also help sort out steps of the
redox cycle of the enzyme.
This is a very exciting time for the extended cytochrome
c oxidase research community. It has been a long wait for
detailed structural information and it is reassuring that
the first two structures are in such significant agreement.
Now the fun begins!
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